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Abstract 

Most bacteria live in biofilms in their natural habitat rather than the planktonic cell stage that dominates during 
traditional laboratory cultivation and enrichment schemes. The present study describes the establishment of a flow-
based enrichment method based on multispecies biofilm communities for directing biofilm functionality using an 
environmental inoculum. By controlling flow conditions and physio-chemical properties, the set-up aims to simulate 
natural conditions ex situ for biofilm formation. The functionality of the method was demonstrated by enrichment of 
biofilm microbiomes using consortia from a warm compost pile and industrial waste materials as growth substrate, 
and further exploring the metagenomes by biotechnological tools. The 16S rRNA gene sequencing results revealed a 
difference in consortium composition and especially in genus abundance, in flow experiments compared to tradi‑
tional liquid-shake experiments after enrichment, indicating good biofilm development and increased abundance of 
biofilm-forming taxa. The shotgun sequence mining demonstrated that different enzymes classes can be targeted by 
enriching biofilms on different substrates such as oat husk, pine saw dust, and lignin. The flow-based biofilm method 
is effective in reducing bacterial consortia complexity and in selecting biofilm-forming bacteria, and it is possible to 
enrich the biofilm community in various directions based on the choice of sample material, environmental conditions, 
and nutritional preferences, targeting enzymes or enzyme classes of industrial interest.
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Introduction
Functional metagenomics and bioprospecting of envi-
ronmental samples has been highlighted as an impor-
tant scientific approach to search for novel biomolecules 
with biotechnologically valuable properties that may be 
applicable e.g. in industrial processes, as well as have the 
potential to mitigate the effects of climate change (Alivi-
satos et  al. 2015; Dubilier et  al. 2015; Long et  al. 2016). 
Focus areas such as green energy, circular economy, 
bioremediation, recycling, waste management, health 
challenges like antibiotic resistance, and sustainable 
agriculture would benefit from increased success rates 

in discovery of applicable enzymes and other products. 
Microbial metagenomes, especially from extreme envi-
ronments, comprise enormous genetic reservoirs encod-
ing enzymes with industrial potential (Simon and Daniel 
2011). Unfortunately, harvesting these reservoirs is dif-
ficult, first of all due to the fact that less than 1% of the 
microbes can be cultured under standard laboratory 
conditions (Epstein 2013), but also because applicable 
gene candidates are rare and hidden in an overwhelm-
ing majority of irrelevant genetic material. Microbial 
enrichment approaches may help reduce the complexity 
and diversity of the targeted microbiomes, maintaining 
the most relevant genomes for finding promising gene 
and enzyme candidates. The enrichment of specific envi-
ronmental samples with selected growth substrates will 
reduce the bacterial richness but hopefully enrich for 
those bacteria with relevant gene material, e.g. bacteria 
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with the ability to degrade biological waste materials in a 
hot compost pile. Enrichment strategies are very diverse 
and can be carried out in the natural habitat (in situ), e.g. 
in bacterial traps (Gavrish et al. 2008) or diffusion cham-
bers (Nichols et  al. 2010), or in laboratory enrichment 
systems (ex situ), e.g. in shaken liquid medium, in cocul-
tivation systems ensuring presence of critical growth fac-
tors (D’Onofrio et al. 2010), or other microcosms systems 
(Wilhelm et al. 2019).

Most natural bacterial populations are closely associ-
ated with environmental surfaces and with each other, 
and it is acknowledged that multispecies biofilm repre-
sents the most natural form of bacterial life (Costerton 
et  al. 1995; Hall-Stoodley et  al. 2004). Bacterial biofilm 
communities in natural environments are subjected to 
several external physical factors that are difficult to simu-
late in standard laboratory cultivations, such as the flow 
of fluids at the community habitat. It has been showed 
that flow induces biofilm formation in clinical isolates 
(Weaver et  al. 2012). The biofilm consortium can be 
engineered by shifting environmental factors and nutri-
ent sources, e.g. towards more efficient biodegradation of 
toxic pollutants (Benedek et al. 2018) and better pesticide 
degradation (Verhagen et al. 2011). These studies utilises 
liquid-shake systems, hence examples of enrichment 
studies using perfusion strategies for biofilm enrichments 
are scarce.

The present study was designed to establish an ex situ 
enrichment method based on multispecies biofilm com-
munities for directing biofilm functionality using an envi-
ronmental inoculum. By applying specific fluidic flow 
conditions and other physical properties like pH, temper-
ature, and incubation time, as well as nutrient alterations, 
the goal was to approach natural conditions ex situ, facili-
tating biofilm formation by microorganisms favoured by 
certain growth conditions. The main aim was to use this 
method to enrich biofilm microbiota from a hot compost 
pile by using different industrial waste materials, and to 
explore the metagenomes by biotechnological tools.

Methods and materials
Method development
The flow-based enrichment method was tested and 
established using garden soil as inoculum for targeting 
environmental conditions and for use of a defined car-
bon source. For ensuring proper biofilm development, 
different pH conditions (pH 4, pH 5.4, pH 7, and pH 
8) were tested, in combination with different incuba-
tion temperatures (20 and 30  °C). Substrates like cel-
lulose (Avicell, crystallised) or glucose (Sigma-Aldrich) 
were used as carbon source, and the biofilm formed 
was harvested after different incubation times (day 
5, day 7, day 10, day 23, and day 38). The output was 

also compared to more standard shaken-liquid experi-
ments (same inoculum, media and conditions, no flow, 
200 rpm), to potentialize the usability of the flow-based 
strategy. The development of biofilm in the flow cells 
were also examined in real-time by microscope (EVOS 
FL Auto Imaging system, LifeTechnologies™, see sec-
tion “Flow experiments”). A control experiment with 
the same environmental conditions (pH 8, 30  °C) and 
the same carbon source (cellulose) in four parallel flow 
cells was included to demonstrate the reproducibility 
of the method. The method was then applied to enrich 
biofilm communities with three different finely ground 
carbon-rich substrates (oat husk, pine saw dust, and 
lignin) prepared in Spain (University of Madrid, Dept. 
of Molecular Biology), and using a microbe inoculum 
from a Portuguese compost pile (Center for Neurosci-
ence and Cell Biology).

Samples and substrates
Garden soil from the Trondheim area (Lat. 63°  25′ 
10.578’’ N, Long. 10° 28′ 18.1128’’ E), Norway, was sam-
pled into a sterile 120 ml container and dispersed into 
four sterile 50 ml tubes, containing soil of the approx. 
volume of 20 ml in each tube. The tubes were filled with 
sterile water up to 50  ml, inverted at 125  rpm for one 
hour, and then centrifuged at 3220×g for 10  min. The 
resulting supernatant was centrifuged once more at 
3220×g for 10 min to generate a ‘soil extract solution’. A 
specially designed nutritional solution (per litre; NH4Cl 
1.15 g, K2HPO4 0.3 g, MgSO4 ⋅ 7H2O 0.015 g, NaH2PO4 
⋅ 2H2O 0.15  g, FeCl3 ⋅ 6H2O 0.01  g, Carbon source of 
choice 4  g, and sterile water 1000  g) was added to a 
final concentration of 10% to the soil extract solution, 
and the mix was adjusted to the pH of choice (4 and 8). 
The final inoculum flow medium, consisting of the soil 
extract and the nutritional solution including selected 
carbon source, was then injected in the syringes in the 
flow system.

Compost samples were used for the main demon-
stration of the method, and the microbe inoculum was 
extracted from the samples according to the protocol 
described for garden soil above. The compost samples 
were collected from a wood compost pile in Portugal 
(Lat. 40°  22′ 45.840’’ N, Long. 8°  36′ 57.24’’ W) in Sep-
tember 2019. The pile was composed mainly of pine and 
eucalyptus scraps, barks, and small branches. The tem-
perature of the pile where the sample was collected was 
57  ºC. Oat husk and pine saw dust were kindly gifted 
by Avidem (Torrent de Cinca, Huesca, Spain). Oat husk 
and pine saw dust was mechanically ground to 100 µm. 
Lignin was purchased from Sigma-Aldrich (Product No. 
370959).
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Preparation of substrate flow medium
The nutritional solution of micro-nutrients with inter-
changeable carbon source described above was used in 
the enrichment flow medium. Each of the substrates of 
finely ground oat husk, saw dust, and lignin (4 g/L) was 
added to batches of nutrient solution. These substrate 
solutions (containing the soluble fraction of the sample 
after extraction) were then autoclaved and adjusted to 
pH 7, and further added to the compost inoculum extract 
(prepared as described above) to a final concentration of 
3% (w/v) in the obtained substrate flow medium.

Flow experiments
An IBIDI flow cell system (Integrated BioDiagnostics, 
Martinsried, Germany) was used for the biofilm enrich-
ment studies (Fig.  1). The flow system consists of four 
fluidic units (holder for medium reservoirs, tubing, 
and µ-slide) connected to an air pressure pump and is 
operated by a computer software (IBIDI PumpControl 
v 1.5.2). One fluidic unit consists of two syringes that 
are inoculated with a total of 14  ml liquified environ-
mental samples (inoculum flow medium). Each unit 
has a flow cell slide (µ-slide) with a growth channel 
(dimensions 50 × 5  mm, 2.5  cm2 growth area) where 
microorganisms can attach to the surface and develop 
biofilm under a continuous flow of medium. The flow 

parameters are fully adjustable and can be adapted to a 
variety of environmental samples. For adaption to soil 
extract flow medium, the flow parameters were tested 
and adjusted to a flow rate of 4.2 ml/min and the pres-
sure was set at 10 mbar, which equals a shear stress of 
1.46 dyne/cm2 in the µ-slide. To ensure optimal biofilm 
establishment, the µ-slides were connected to an EVOS 
FL Auto Imaging system (LifeTechnologies™), and real 
time biofilm development was monitored. Experiments 
are conducted in a climate laboratory where the whole 
room is temperature controlled.

Method demonstration—enrichment experiments
The established method was applied to enrich com-
post biofilm consortia using three different substrates 
as carbon source; oat husk, pine saw dust and lignin 
(final concentration 3% (w/v)). A compost pile sample 
was used as microbe inoculum, prepared as described 
for garden soil above, and the biofilm was harvested 
after 20 days of flow at 30 °C. The flow parameters were 
adjusted as described in the ‘Flow experiments’ sec-
tion above, and the microbial consortia of the enriched 
samples were compared to the original inoculum by 
sequencing (see below).

Fig. 1  The Flow cell system. Panel a Fluidic units with syringes (left) connected to µ-slides mounted in the microscope (right). The syringes are 
filled with medium that flows continuously over a growth chamber in the µ-slide. Panel b Close-up of the four growth chamber µ-slides. Panel c 
Micrograph of biofilm structures with a characteristic tail formed in the growth chamber after 20 days of flow, 10× magnification. The red arrow 
indicates the flow direction. Example from a lignin-enriched compost biodiversity. Image credit: Gunhild Hageskal
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Lysis of biofilm and DNA extraction
Lysis of cells in soil and compost inoculum, and from 
the shaken-liquid material was done according to Kotlar 
et al. (2011). Lysis of the biofilm developed in the µ-slide 
growth channels and DNA isolation was based on the 
same protocol, modified for use in µ-slides by the fol-
lowing procedure: 200 µl Extraction buffer (EB; 100 mM 
Tris–HCl (pH8.0), 100  mM sodium EDTA (pH8.0) 
100  mM sodium phosphate (pH8.0), 1.5  M NaCl (1% 
CTAB)) was added to the growth channel of the µ-slide. 
The slide was sealed with parafilm and sonicated in an 
ultrasound bath at 37  kHz for 5  min. The sample was 
then transferred to an Eppendorf tube, added 1.6 µl pro-
teinase K (10 mg/ml), and incubated at 37  °C, 125 rpm, 
for 30 min. To the growth channel, 200 µl of the EB/pro-
teinase K mixture was added once more to ensure com-
plete harvest of the biofilm cells and proper lysis. The 
slide was sealed and incubated at 37 °C and 125 rpm for 
30 min. Next, 20 µl SDS (20%) was added to both Eppen-
dorf tube and growth channel, followed by an incubation 
at 60  °C, 125  rpm for 60  min. The lysate was sampled 
from the growth channel and pooled with the sample 
in the Eppendorf tube, and then centrifuged at 6000×g 
for 10 min. DNA was extracted from the pooled sample 
using chloroform:isoamylalcohol (24:1) according to Kot-
lar et al. (2011). Quantity, quality, and purity of isolated 
DNA were analysed by Qubit fluorescent measurements 
(Invitrogen™ Qubit™ dsDNA BR Assay Kit) and micro-
volume UV–Vis measurements on a DeNovix DS-11 
FX + , respectively.

Barcode sequencing and taxonomic classification
Isolated DNA was subjected to targeted amplicon 
sequencing of the V3 + V4 region of the 16S ribosomal 
RNA gene. Sequencing libraries were generated follow-
ing the Illumina “16S Metagenomic Sequencing Library 
Preparation guide” (available from: https://​suppo​rt.​
illum​ina.​com/​docum​ents/​docum​entat​ion/​chemi​stry_​
docum​entat​ion/​16s/​16s-​metag​enomic-​libra​ry-​prep-​
guide-​15044​223-b.​pdf ) with the primers Bakt_341F and 
Bakt_805R (Herlemann et  al. 2011) complemented with 
Illumina sequencing adapters (5’-TCG​TCG​GCA​GCG​
TCA​GAT​GTG​TAT​AAG​AGA​CAG-CCT​ACG​GGNGGC​
WGC​AG-3’ and 5’-GTC​TCG​TGG​GCT​CGG​AGA​TGT​
GTA​TAA​GAG​ACAG-GAC​TAC​HVGGG​TAT​CTA​ATC​
C-3’). The priming part of each primer is underlined, 
while the Illumina sequencing adapter sequences tar-
geted during barcode indexing by the Nextera XT Index 
Kit (Illumina) are not. PCR products were purified by 
Agencourt AMPure XP (Beckman-Coulter) and quan-
tified on a Qubit v2 using the Qubit dsDNA BR Assay 
Kit (Thermo Fisher Scientific). After sequencing, raw 

sequencing reads were demultiplexed, filtered, combined, 
and taxonomically classified by the Metagenomics Work-
flow within MiSeq Reporter v. 2.5.1 (Illumina), generat-
ing abundance tables, which were further processed in 
Microsoft Excel.

Shotgun sequencing and CAZy mining
DNA shotgun libraries were generated using the Nex-
tera XT DNA Library Prep kit (Illumina) in combina-
tion with the Nextera XT Index Kit (Illumina). Pooled 
libraries were sequenced on an Illumina MiSeq using 
the MiSeq Reagent Kit V3 in the 2300  bp paired-end 
mode. Sequence assemblies were generated in QIAGEN 
CLC Genomics workbench v.12 with the QIAGEN CLC 
Microbial Genomics Module plug-in. Raw sequencing 
reads were quality trimmed by the Trim Reads 2.3 tool 
using default parameters (Quality limit 0.05, ambigu-
ous limit 2), removing adapter read-through sequences, 
but keeping broken pairs. The trimmed reads were then 
assembled by the De Novo Assemble Metagenome 1.0 
tool, using default parameters.

The shotgun assemblies were translated in six frames 
using the transeq program of the EMBOSS suite (ver-
sion 6.6.0.0). The translated sequences were subjected to 
SINTEF’s internal data mining pipeline for mining of car-
bohydrate active enzymes (CAZymes) using a database 
of profile Hidden Markov models (HMMs) of CAZymes 
provided by dbCAN (Yin et al. 2012). The latest version 
of dbCAN (version 8 at the time of the analysis) can 
be obtained through web address: http://​bcb.​unl.​edu/​
dbCAN2/​downl​oad/​Datab​ases/. The mining pipeline is 
based on hmmscan from the software package HMMER 
version 3.1b2 (http://​hmmer.​org/) and internally devel-
oped programming scripts for post-processing of 
hmmscan results. The mining results were organized in 
an Access database for data management and query.

Results
Method development
A difference in bacterial consortium composition and 
abundance, as analysed by 16S amplicon sequencing, 
was observed in flow experiments compared to shake 
experiments after enrichment (Fig. 2). The flow-enriched 
samples were dominated by the genera Burkholderia, 
Calothrix, and Escherichia, and the abundance of these 
genera were especially evident compared to the corre-
sponding shake-samples. The enriched consortia were 
different at day 7 compared to day 23. Especially, there 
was a shift in abundance of Burkholderia, a genus known 
to include biofilm-forming species. The flow-enriched 
bacterial consortia were also different at pH 4 compared 
to pH 8, e.g. at day 23 where taxa belonging to the genus 
Escherichia were most abundant (Fig. 2).

https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
http://bcb.unl.edu/dbCAN2/download/Databases/
http://bcb.unl.edu/dbCAN2/download/Databases/
http://hmmer.org/
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The source of carbon also influenced the consortium 
composition. Both cellulose (Fig.  2) and glucose (data 
not shown) were tested at similar environmental condi-
tions, and the results indicated that the bacterial con-
sortium was more diverse with addition of cellulose 
in the flow medium. Based on 16S rRNA results and 
real-time imaging, pH 8, 30  °C and 10 days of incuba-
tion were identified as good conditions for biofilm 
development and these were selected for the control 
experiment with similar environmental conditions and 

carbon source (cellulose) in four replicate flow cells 
(Fig. 3). This experiment demonstrated that the consor-
tium compositions in the four replicates were compara-
ble with respect to biofilm microbiota, and that all four 
samples were dominated by the Genera Pseudomonas 
and Acinetobacter, indicating reproducibility of the 
enrichment experiment as well as low random varia-
tion. Please note that the inoculum for the experiment 
in Fig. 3 is a similar type of sample as the one used for 
Fig.  2, however not the same/identical sample (as can 

Inoculum Flow experiment Shake experiment
day 0 day 7 day 23 day 7 day 23 day 7 day 23 day 7 day 23

Unclassified 14.492 6.605 2.344 3.780 5.202 8.436 13.443 17.003 13.793
Burkholderia 7.419 0.688 60.031 72.478 4.516 0.078 0.099 7.558 26.593
Calothrix 0.067 70.155 0.007 0.008 0.229 0.001 0.001 0.003 0.006
Escherichia 0.100 0.065 1.008 0.372 51.695 1.441 0.022 7.850 0.042
Methylotenera 29.344 0.190 0.055 0.024 0 0.282 0.039 1.905 0.092
Cellvibrio 0.026 0.033 0 0.002 0.055 22.455 0.218 0.019 0.019
Streptomyces 0.075 0 0.003 0.002 18.189 0.012 0.019 0.043 0.005
Paenibacillus 0.025 0 0.069 0.011 0.005 12.858 0.726 0.084 0.022
Azospirillum 0.232 0.011 0.006 0.093 0.001 0.187 2.211 1.765 12.360
Acinetobacter 0.426 10.245 2.713 0.015 0.003 0.182 0.140 0.116 0.007
Dyella 0.002 0 0.339 9.295 0 0.001 0.001 1.127 1.847
Clostridium 1.122 0.046 0.076 0.131 0.013 0.312 0.545 7.894 0.129
Pseudomonas 6.991 1.812 3.349 1.110 0.386 0.527 0.248 2.003 0.144
Aeromicrobium 0.021 0 0 0.010 0.201 0.164 5.999 0.036 0.020
Opitutus 0.152 0 0 0.000 0.055 0.932 5.922 0.114 0.005
Janthinobacterium 3.905 0.534 0.751 0.472 0.036 2.617 1.009 4.893 0.182
Cupriavidus 0.005 0.792 4.749 0.008 2.627 0.001 0 0.002 0
Pedobacter 0.482 0.004 0.011 0.031 0.056 0.225 0.204 4.000 4.646
Chi�nophaga 1.147 0.017 0.654 0.640 0.681 0.351 1.156 0.432 4.519
Runella 0.079 0.011 0.155 0 0 4.450 2.439 0.127 0.008
Giesbergeria 0.070 0.109 0.295 0.001 0.250 0.057 4.446 1.936 0.727
Acidovorax 0.360 0.416 1.974 0.002 0.036 4.276 0.495 0.074 0.007
Luteibacter 0.015 0.002 0.055 4.213 0 0.005 0.008 0.583 0.964
Nevskia 0.002 0.032 0 0.001 0 0.068 0.116 0.010 3.863
Sphingomonas 0.438 0.149 3.384 3.858 0.821 0.149 0.772 1.723 3.676
Sege�bacter 1.856 0 0.001 0.013 0.040 1.102 3.614 0.425 0.041
Fimbriimonas 0.020 0 0.074 0.022 0.506 0.072 3.437 0.018 0.003
Pedosphaera 0.390 0 0 0.001 0.076 0.504 3.331 0.343 0.009
Azovibrio 0.000 0 0 0 0.056 3.318 0.810 0.001 0.001
Edaphobacter 0.094 0 0.001 0.005 0.005 0.010 0.021 0.126 3.178
Magnetospirillum 0.006 0 0 0 0 2.856 2.067 0.016 0.009
Devosia 0.129 0 0.088 0.009 0.143 0.321 2.589 0.091 0.079
Bradyrhizobium 0.335 0.601 2.570 0.084 1.298 0.152 0.869 1.328 2.098
Prosthecobacter 0.093 0 0 0.001 0.063 0.896 2.530 0.145 0.004
Dechloromonas 0.048 0.176 0.892 0.009 0.039 2.439 0.937 0.051 0.012
Parvibaculum 0.000 0 0 0 0.003 0.001 0.854 0.011 2.335
Hydrogenophaga 0.437 2.121 2.302 0.002 0.050 0.726 1.755 0.536 0.204
Flavobacterium 1.041 0 0.083 0.007 0 2.298 0.903 0.788 0.024
Geothrix 0.115 0 0 0.005 0 2.236 1.219 0.460 0.018
Kaistobacter 1.431 0.036 0.001 0.030 0.191 0.354 2.077 0.695 0.024
Serra�a 0.098 0.002 0.041 0.149 1.797 0.364 0.012 1.601 0.050
Mesorhizobium 0.202 0 0.012 0.002 0 0.092 0.214 0.740 1.684
Novosphingobium 0.434 0.652 1.141 0.095 0.325 0.347 1.660 0.388 0.047
Pelomonas 0.083 0.848 0.829 0.005 0.501 1.648 0.210 0.086 0.009
Candidatus Scalindua 0.235 0.004 0.041 0.026 0.005 0.031 0.033 1.559 0.055
Variovorax 0.744 0.144 0.387 0.061 0.085 0.157 0.167 1.553 0.393
Planctomyces 0.475 0 0 0.014 0 0.699 1.536 1.459 0.110
Rhodanobacter 0.008 0 0.004 0.149 0 0.005 0.017 1.249 1.443
Caulobacter 0.087 0.023 0.025 0.004 0.152 1.424 0.576 0.067 0.017
Chthoniobacter 1.399 0 0 0.008 0.001 0.316 0.842 0.586 0.049
As�ccacaulis 0.019 0.030 0 0.000 0.030 1.354 1.178 0.030 0.005
Mycobacterium 0.011 0.000 0.003 0.000 0 0.003 0.007 0.122 1.289
Sphingobacterium 0.043 0.001 0 0.001 0 0.398 1.242 0.115 0.166
Bacteriovorax 0.287 0.001 0 0 0 0.862 1.205 0.047 0.001
Flavisolibacter 0.270 0 0 0.001 0.041 0.147 1.203 0.113 0.372
Rhizobium 0.059 0 0.053 0.003 0 0.022 0.007 0.239 1.182
Comamonas 0.035 0.061 0.048 0.001 0.055 0.016 1.162 0.955 0.379
Polaromonas 1.089 0.277 0.136 0.006 0.019 0.073 0.114 0.283 0.043
Niastella 0.458 0 0.004 0.002 0.004 1.034 0.783 0.228 0.182
Ricke�siella 0.135 0 0 0.018 0.001 0.059 0.158 0.111 1.001
Other 20.835 3.105 9.235 2.706 9.458 13.598 20.380 22.132 9.809
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Fig. 2  Bacterial consortium composition (genus level) in garden soil samples as analysed by 16S rRNA amplicon sequencing after subjection 
to different environmental conditions (pH), different biofilm harvest time-points, at 30 °C incubation temperature, and with cellulose as carbon 
source. Examined with flow and shake experiments and compared to the bacterial composition of the soil inoculum. a Heat map presenting the 
abundancy of dominating genera. b Consortium composition of the most dominating genera in inoculum sample as well as after enrichment. 
“Other” is the sum of all classified genera with individual abundancies below 1% in all samples. “Unclassified” includes sequences classified at higher 
taxonomic levels, but where no genus information could be assigned
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be seen in the column to the far left in the B section, 
showing the community in the inoculum).

Biofilm enrichment of compost with different substrates
The results from the enrichment of compost biodiversity 
using three different carbon sources clearly demonstrated 
the applicability of the method, as a large difference in 
consortium composition was observed in the enriched 
samples compared to the compost inoculum (Fig.  4). 
The results also show that enrichment with oat husk and 
pine saw dust gave similar bacterial consortia composi-
tions after enrichment, whereas use of lignin as carbon 
source resulted in a domination of bacteria belonging to 
the genus Pseudomonas. In addition, genus Gluconaceto-
bacter was exclusively enriched on lignin (Fig. 4A).

Sequence mining and enzyme hits
Total DNA was isolated from the compost inoculum and 
the biofilms enriched with oat husk, pine saw dust, and 
lignin substrates, and analysed by shotgun sequencing. 
The metagenome sequence assemblies generated were 
then mined for CAZymes, and a total of 1127 hits across 
different CAZyme families were identified. Analysis 
revealed differences in hits of CAZyme families among 
the enriched samples, as well as differences between the 
original compost inoculum and the enriched samples. 
The distribution of total hits of the ten most abundant 
CAZyme families in all samples is described in detail in 
Table 1, as well as shown in Fig. 5.

Among the CAZymes that were identified using the 
data mining pipeline, the most abundant families in each 

Inoculum Flow experiment
day 0 day 10 day 10 day 10 day 10

Unclassified 27.105 14.703 14.340 16.468 16.118
Acinetobacter 1.407 10.451 14.144 7.163 23.993
Pseudomonas 7.019 10.128 7.955 8.499 8.211
Arthrobacter 0.321 7.727 5.884 4.117 2.903
Cupriavidus 0.008 2.337 5.259 7.586 1.492
Prosthecobacter 0.178 0.792 4.000 3.642 6.075
Sphingomonas 1.866 4.906 3.579 2.853 2.892
Ralstonia 0.026 3.777 4.662 3.954 3.470
Flavobacterium 3.216 0.347 0.171 0.143 0.179
Shinella 0.068 1.761 2.149 3.013 1.724
Yersinia 2.749 0.102 0.055 0.033 0.064
Pelomonas 0.083 2.066 2.046 2.747 1.991
Agrobacterium 0.028 2.082 2.005 2.628 1.592
Del�ia 0.008 2.308 1.194 0.880 1.269
Rhodobacter 0.289 0.875 1.326 2.290 1.094
Pedobacter 2.184 0.363 0.224 0.257 0.210
Rhizobium 0.054 1.868 1.676 2.096 1.915
Janthinobacterium 0.320 1.681 1.739 2.093 1.942
Variovorax 0.158 2.083 0.811 0.579 0.845
Xanthobacter 0.079 0.882 1.551 1.851 0.594
Burkholderia 0.933 1.309 1.511 1.777 0.704
Candidatus Scalindua 1.718 0.042 0.028 0.020 0.022
Chryseobacterium 1.574 0.576 0.620 1.056 1.008
Novosphingobium 0.252 1.524 1.014 0.782 0.554
Planctomyces 1.509 0.318 0.439 0.531 0.336
Bradyrhizobium 0.351 0.850 1.498 0.978 0.825
Rhodoplanes 1.417 0.437 0.385 0.370 0.265
Aquicella 1.352 0.087 0.053 0.049 0.055
Paucibacter 0.085 1.125 1.209 1.319 1.137
Legionella 1.303 0.107 0.089 0.074 0.092
Nocardia 0.140 0.008 0.007 1.277 0.007
Escherichia 0.053 1.264 0.728 0.645 0.674
Denitra�soma 1.248 0.106 0.053 0.028 0.035
Bosea 0.016 0.731 1.195 0.941 0.707
Methylibium 0.025 0.819 0.731 1.191 0.699
Arenimonas 1.001 0.415 0.177 0.181 0.195
Other 39.854 19.043 15.494 15.891 14.110
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Fig. 3  Bacterial consortium composition (genus level) in soil samples analysed by 16S rRNA amplicon sequencing, in four parallel and replicate flow 
cells with the same environmental conditions (pH 8, 30 °C), same carbon source (cellulose), same inoculum, and same biofilm harvest time-point 
(after 10 days). a Heat map presenting the abundance of dominating genera. b Consortium composition of the most dominating genera. “Other” 
is the sum of all classified genera with individual abundancies below 1% in all samples. “Unclassified” includes sequences classified at higher 
taxonomic levels, but where no genus information could be assigned
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of the samples were glycoside hydrolases (GH), glycosyl-
transferases (GT), and carbohydrate-binding modules 
(CBM) (Fig.  5). Other families, e.g. carbohydrate ester-
ase (CE) and auxiliary activity family 3 (AA3) were less 
abundant, while CE4 and AA3_2 were exclusively found 
in the compost inoculum and in the substrate enriched 
samples, respectively (Table 1). Compared to the original 
compost inoculum, oat husk and pine saw dust enriched 

samples also differed in the GH families, and some GT 
families, such as GT51 (murein polymerase activity; 
http://​www.​cazy.​org/​GT51.​html), were only found in 
substrate enriched samples. Oat husk and pine saw dust 
enriched samples had the largest number of CAZyme 
family hits, except for the CBM family in which the com-
post inoculum dominated in both numbers and diver-
sity, although CBM44 (cellulose- and xyloglucan-binding 

Enriched samples

Group
Compost
inoculum Oat husk Saw dust Lignin

Unclassified 8.256 17.874 12.618 5.640
Pseudomonas 0.107 1.271 1.662 34.088
Cellvibrio 22.300 0.208 1.313 0.003
Chryseobacterium 12.834 0.039 0.017 0.004
Planctomyces 0.041 11.163 8.965 1.208
Flavobacterium 9.666 4.307 1.245 0.789
Campylobacter 8.452 0.061 0.396 0.392
Gluconacetobacter 0.001 0.001 0.001 7.466
Flavisolibacter 0.023 4.459 6.481 1.770
Bdellovibrio 0.409 6.394 3.425 0.002
Methylibium 0.001 5.341 3.060 2.722
Phaeospirillum 0.006 1.044 5.051 0.002
Chi�nophaga 4.183 3.002 0.814 0.019
Pedobacter 3.991 1.340 0.560 0.023
Aquifex 3.939 0.000 0.000 0.000
Thalassospira 0.006 3.721 3.004 0.033
Fervidobacterium 3.676 0.002 0.006 0.005
Nannocys�s 0.017 0.568 3.313 1.125
Prosthecobacter 0.016 0.744 3.258 0.214
Novosphingobium 0.119 0.164 0.499 2.961
Candidatus Solibacter 0.172 2.693 1.663 0.001
Leptolyngbya 0.001 0.003 0.002 2.541
Spirosoma 0.027 0.000 0.000 2.409
Cohnella 2.324 0.108 1.933 0.002
Opitutus 0.035 2.266 2.048 0.000
Corynebacterium 0.000 0.001 0.002 2.182
Pedosphaera 0.005 1.998 0.709 0.400
Sphingobium 0.014 0.827 1.978 0.007
Arthrospira 0.046 1.578 1.853 0.146
Phenylobacterium 0.069 1.846 0.601 0.001
Chondromyces 0.003 0.055 1.749 0.013
Escherichia 0.000 0.000 0.001 1.635
Hymenobacter 0.194 1.002 1.565 0.099
Ramlibacter 0.037 0.875 1.541 0.000
Alishewanella 1.302 0.010 0.052 0.011
Sphingomonas 0.151 0.637 1.053 1.298
Niastella 0.031 0.731 1.283 0.002
Xanthomonas 0.003 0.001 0.001 1.204
Carnobacterium 0 0.001 0.000 1.114
Oenococcus 0.002 1.111 0.710 0.871
Singulisphaera 0.100 0.064 0.066 1.048
Rhodoplanes 0.016 0.451 1.044 0.876
Oscillatoria 0.003 0.001 0.001 1.034
Rhodothermus 1.034 0.025 0.039 0.002
Roseospira 0.020 0.318 1.019 0.028
Gemmata 0.020 0.456 0.708 1.008
Arthronema 0.000 0.001 0.001 1.006
Other 16.351 21.237 22.688 22.596
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Fig. 4  Bacterial consortium composition (genus level) in compost samples as analysed by 16S rRNA amplicon sequencing after enrichment using 
3 different substrates (oat husk, pine saw dust, lignin) at 30 °C for 20 days, compared with the compost inoculum. a Heat map presenting the 
abundancy of dominating genera. b Consortium composition of the most dominating genera in inoculum sample as well as after enrichment. 
“Other” is the sum of all classified genera with individual abundancies below 1% in all samples. “Unclassified” includes sequences classified at higher 
taxonomic levels, but where no genus information could be assigned

http://www.cazy.org/GT51.html
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function; http://​www.​cazy.​org/​CBM44.​html) and CBM48 
(glycogen-binding function; http://​www.​cazy.​org/​
CBM48.​html) were only found in the enriched samples. 
The lignin enriched sample had less diverse CAZyme 
family hits compared to saw dust and oat husk enriched 
samples, as well as a lower number of total identified hits 
(Table 1). Figures of detailed distribution of enzyme hits 
in the GH, GT, CBM, and CE families identified in the 
samples are presented in the additional file.

Discussion
A flow-based method for enrichment of biofilm com-
munities was successfully established and subsequently 
used to enrich metagenomes from a hot compost pile to 
demonstrate its function. The method can be adapted 
to other relevant samples, environmental conditions, 
and nutrient preferences of choice, targeting enzymes 
or enzyme classes of interest. The results from the 16S 
rRNA sequencing show a difference in consortium 
composition in flow experiments compared to shake 
experiments after enrichment. The most pronounced dif-
ference was seen with the shift in relative abundances in 
the microbial consortia analysed, reducing complexity 
and increasing relative abundance of some taxa in flow-
experiments, indicating that the flow-based method are 
effective in enriching biofilm organisms, which fulfil the 
goal to approach natural conditions for increased bio-
film development. The flow-based method is beneficial 

for reducing bacterial consortia complexity by selecting 
biofilm-forming bacteria, as most of the enriched taxa 
(i.e. taxa increased in abundance after flow experiment) 
are known to be biofilm-producing (e.g. Burkholderia). 
Hence, it is possible to enrich the biofilm community 
from a sample, and also to enrich it in various directions 
based on the choice of sample material, environmental 
conditions, and nutritional preferences, exemplified by 
enriching the microbes able to metabolise cellulose by 
using cellulose as the carbon source in the flow experi-
ment. The system can therefore be used to reduce the 
complexity of diverse samples, increasing the fraction 
of the established microbiome by selecting for taxa able 
to form biofilm, as well as use a certain carbon-source 
or cope with certain environmental conditions, such as 
pH, salt concentration or temperature, dependent on the 
properties desired.

Lignin is rather resistant towards degradation, which 
may explain the difference in bacterial consortium 
composition in the lignin enriched sample compared 
to the oat husk and pine saw dust enriched samples, 
containing supposedly more accessible carbon sources 
like cellulose and hemicellulose, that can be utilized 
by a wider range of bacteria. This was also reflected 
in the results from the enzyme gene sequence mining, 
where the lignin enriched samples were less diverse in 
CAZyme families and had relatively few identified hits. 
Both oat husk and saw dust are rich in carbon that is 

Table 1  Detailed breakdown of the 10 most abundant CAZyme hits belonging to the different enriched samples and compared to 
the original compost inoculum. Results presented as number of CAZyme family hits per sample

CAZyme family Count per CAZyme family in samples

Compost inoculum Oat husk Saw dust Lignin

Glycosyltransferase GT2 11 20 9 –

GT4 16 45 25 22

GT9 7 9 – 5

GT51 – 11 14 7

Glycoside hydrolase GH3 6 – 8 –

GH23 6 8 8 5

GH109 – 7 7 –

Carbohydrate-binding module CBM2 19 – – –

CBM6 8 – – –

CMB10 10 – – –

CBM18 – – – 5

CBM44 – 11 28 10

CBM48 – 7 9 8

CBM50 22 27 29 21

Carbohydrate esterase CE4 5 – – 7

Auxiliary activity AA3_2 – 7 9 6

Total No. of family hits 110 152 146 96

http://www.cazy.org/CBM44.html
http://www.cazy.org/CBM48.html
http://www.cazy.org/CBM48.html
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probably more available and easily degradable for bac-
teria and stimulates growth, hence resulting in more 
diverse microbial metabolism. The dominating group 
of Pseudomonas spp. that were observed in the lignin 
enriched samples may merely be better adapted to 
nutrient deficiency as a function of the biofilm com-
munity, or they may also be able to produce enzymes 
capable of lignin modification, which has been reported 
in this genus previously (Bugg et  al. 2011; de Gonzalo 

et al. 2016; Ravi et al. 2019; Sun et al. 2018). The lignin-
enriched Gluconacetobacter spp. have been previously 
reported to produce cellulose, and to contribute to 
polymerization of lignin (Touzel et  al. 2003), and may 
also harbour enzymes capable of lignin depolymeriza-
tion. In the light of the high demand for efficient and 
cost-effective methods for selective lignin degrada-
tion, these are interesting results and demonstrates the 
applicability of the enrichment method.

Fig. 5  Sankey diagram showing the distribution of hits belonging to the first 10 most abundant CAZyme families in each sample. The total count of 
hits in each CAZyme family across all the samples and in each sample were indicated after the data labels
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The sequence mining results demonstrated that 
enzyme classes such as different GHs, can be targeted 
by using biofilm enrichment of a microbial community 
with different substrates. Some CAZyme families, such 
as GTs, were only found in substrate enriched samples, 
which demonstrated the potential of obtaining diverse 
or targeted enzyme classes by using the developed 
method. The differences observed in CAZyme family 
types both between different substrate-enriched sam-
ples, and also between the compost inoculum and the 
enriched samples, show that the described method can 
be used to enrich microorganisms and subsequently 
the types of enzymes that are active on certain types of 
substrates. As an example, the developed method was 
demonstrated by successfully enriching CBM44, CBM48 
and GT51 from the compost biodiversity using relevant 
substrates. CBM44 binds with equal affinity to cellulose 
and xyloglucan (Najmudin et al. 2006) and was enriched 
using all substrates, but particularly when using pine 
saw dust. This fits well with the assumption of the pres-
ence of cellulose compounds in all enrichment substrates 
compared to the natural habitat, and in particular in saw 
dust. CBM48, a family associated with binding of starch 
(Holck et al. 2019), was also enriched using all substrates 
applied, however to a lower degree compared to CBM44. 
Various CBM families identified in the samples were pre-
viously known to associate with enzymes from GH fami-
lies (Boraston et  al. 2004; Janeček et  al. 2019; Shoseyov 
et  al. 2006) and the abundance of CBM families is well 
correlated with the diversity of GH families observed. 
Members in the AA3 CAZyme family were found exclu-
sively in enriched samples and they are diverse enzymes 
catalysing the oxidation of alcohols or carbohydrates. 
These enzymes are abundantly found in wood degrading 
fungi, typically involved in lignocellulosic degradation 
(Sützl et al. 2018), aligning well with the observed enrich-
ment of such enzymes in these enrichment media.

As previous reported by Wang et  al. (2016), enzymes 
from the GT families are abundant in microbial commu-
nities enriched from compost. The enzymes identified 
from the enriched samples mainly involve in the synthe-
sis of mono-, oligo- (GT4), and polysaccharides (GT2), as 
well as cell membrane synthesis (GT51), supporting the 
hypothesis that these enzymes can play a role in biofilm 
formation during enrichment. Some modelled 3D struc-
tures from GT51 are lysozyme-like, indicating a poten-
tial role in biofilm formation (Lairson et  al. 2008; Yuan 
et al. 2007). A notable divergence of CAZymes could be 
observed in the GH families. Many GH families, known 
to have cellulase or hemicellulases activity, were found 
exclusively in compost inoculum, whereas some GH 
families having oligosaccharide degrading activity were 
identified only in oat husk and/or pine saw dust enriched 

samples. These observations indicate that in complex and 
partially degrading cellulosic materials like compost, cel-
lulases or hemicellulases will be more favourable as they 
are active in further degradation of cellulose and hemi-
cellulose, whereas in oat husk and saw dust (being finely 
ground powder), enzymes degrading smaller polysaccha-
ride fractions might be enriched. GH enzymes were as 
expected extensively enriched using lignin substrate, and 
are likely to be enriched due to their activity on cellulosic 
residues still present in the sample. For further details 
and figures of the distribution of the discussed enzymes 
classes within the enriched samples, please refer to  the 
Supplementary file.

With the described method, applying biofilm-based 
enrichment of environmental samples at different con-
ditions, one will be able to target interesting genes and 
enzymes as candidates for use in various processes, such 
as decomposition of different waste materials, thus bio-
film enrichment could aid the discovery of e.g. hydro-
carbon degraders and exopolysaccharide producers by 
increasing the density of microbes harbouring these 
functions from environmental samples subjected to tar-
geted enrichment. In the long term, enrichment methods 
such as this, combined with metagenome technologies 
may help initiate innovations in environment, agricul-
ture, energy, health, and in industry applications.
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